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We demonstrate the existence of a shuttling effect for the radiative heat flux exchanged between
two bodies separated by a vacuum gap when the chemical potential of photons or the temperature
difference is modulated. We show that this modulation typically gives rise to a supplementary
flux which superimposes to the flux produced by the mean gradient, enhancing the heat exchange.
When the system displays a negative differential thermal resistance, however, the radiative shuttling
contributes to insulate the two bodies from each other. These results pave the way for a novel
strategy for an active management of radiative heat exchanges in nonequilibrium systems.
Understanding the basic mechanisms which drive heat
transfer in nonequilibrium systems is a fundamental goal
in statistical physics. The interest in controlling heat ex-
changes at small scales is of primary importance for the
development of a wide variety of technologies. In order to
obtain such a control with a richness and flexibility com-
parable with the one available in electronics, phononic
circuits have been proposed during the last decade to
manipulate heat flows carried by phonons in the same
manner as the flow of electrons is controlled in electric
circuits [1–3]. Recently, to overcome the problems linked
to the relatively small speed of acoustic phonons and to
the presence of strong Kapitza resistances in these net-
works, photonic analogs have been proposed to control
heat carried by radiation [4–19].
In this Letter, we explore the temporal evolution of
radiative heat transfer between two bodies across a sepa-
ration gap by modulating one of the intensive quantities
which are responsible for heat exchanges. By studying
the heat transfer between two dielectrics with an oscil-
lating temperature difference and between a semiconduc-
tor and a dielectric with an oscillating photon chemical
potential difference, we prove the existence of a radiative
heat shuttling, a supplementary flux superimposed to the
one produced by the mean gradient. We demonstrate
that this effect is intrinsically related to the nonlinear-
ity of radiative exchanges. When the optical properties
of the media do not change during the time evolution
of either the temperature or the chemical potential, the
shuttling amplifies the transfer between the two bodies.
On the contrary, if those properties change, we show that
the shuttling can insulate the two bodies from each other
when the system supports a negative differential thermal
resistance.
To illustrate the radiative heat shuttling, we consider
two different bodies, labeled L and R, separated by a
vacuum gap of thickness d, and emitting thermal radi-
ation at temperatures Ti and chemical potentials µi for
i = L,R. As it is well known, if the body is a semi-
conductor subject to an applied voltage Vi, the chemical
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FIG. 1. Sketch of a device displaying radiative heat shuttling.
The system consist of two bodies separated by a vacuum gap
of thickness d that exchange an energy flux J by means of
thermal radiation. The intensive property XL(t) of the left
body is modulated in time.
potential of the radiated photons is µi = qVi at frequen-
cies above the gap frequency of the material and zero
otherwise, q being the elementary charge [20–22]. We
then consider that the following oscillating gradient as a
function of the time t is applied between the two bodies:
XL(t) = xL + δX sin(Ωt),
XR = xR,
(1)
where Xi = Ti with fixed µi or Xi = µi with fixed Ti, and
Ω = 2pi/τ is the modulation frequency. Here xL and xR
(with xL ≥ xR) are some reference values of temperatures
or chemical potentials and δX is the amplitude of the
oscillation in the left reservoir. In order to avoid dealing
with the coupling between conduction and radiation, we
assume here that the oscillation period τ is large enough
compared to the thermalization time. As we will see,
even for a vanishing time average of ∆X(t) = XL(t) −
XR, defined as ∆X¯ = 1/τ
∫ τ
0 ∆X(t) dt = xL − xR, the
net energy flux transferred between the slabs does not
vanish.
The heat flux exchanged between the two bodies
reads [23, 24]
J(XL(t), XR) =
∫ ∞
0
dω
2piΘLRKLR, (2)
where ω is the frequency of the electromagnetic field,
KLR(ω,XL(t), XR) > 0 represents the effective number
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2of modes participating in the transfer (given by the sum
of the transmission coefficients over the two polariza-
tions integrated over all possible parallel wavectors), and
ΘLR(ω,XL(t), XR) = ΘL(ω,XL(t))−ΘR(ω,XR) denotes
the difference of energy of Planck oscillators defined as
Θi(ω,Xi) =
{
~ω
[
e(~ω)/(kBTi) − 1]−1 , Xi = Ti,
~ω
[
e(~ω−µi)/(kBTi) − 1]−1 , Xi = µi,
(3)
~ and kB being the reduced Planck constant and the
Boltzmann constant, respectively. Expanding the spec-
tral flux ϕLR = ΘLRKLR around XL = xL yields
ϕLR = ϕ0LR + δX sin(Ωt)
∂ϕLR
∂XL
∣∣∣∣
XL=xL
+ δX
2
2 sin
2(Ωt) ∂
2ϕLR
∂X2L
∣∣∣∣
XL=xL
+O(δX3),
(4)
where ϕ0LR is the spectral flux without oscillation of the
corresponding intensive quantity. It turns out that the
average heat flux reads
J¯ = 1
τ
∫ τ
0
J(t)dt ' J0LR +
δX2
4
∂2J
∂X2L
∣∣∣∣
XL=xL
, (5)
J0LR being here the heat flux evaluated at XL = xL and
XR = xR.
The shuttling of heat is related to the local curvature
of the flux with respect to the intensive quantity XL and
therefore to the sign of
J ′′ = ∂
2J
∂X2L
=
∫ ∞
0
dω
2pi (Θ
′′
LKLR + 2Θ′LK ′LR + ΘLRK ′′LR)
(6)
at XL = xL, where primes denote derivative with respect
to XL. When J is convex (i.e. J ′′ > 0), the shuttling
produces an increase of the total flux. Such a curvature
always exists when the optical properties of the involved
materials do not depend on either the temperature or
chemical potential. It is noteworthy that under these
conditions, the shuttling always amplifies the heat trans-
fer. Indeed, in this case the average flux reduces to
J¯ ' J0LR +
δX2
4
∫ ∞
0
dω
2piΘ
′′
LKLR, (7)
and it is easy to verify that Θ′′L > 0 over the whole spec-
tral range so that the shuttling flux is positive and there-
fore J¯ ≥ J0LR. On the contrary, if J is locally concave
(i.e. J ′′ < 0), the shuttling effect tends to inhibit the flux.
We will see below that this situation can occur when and
only when the system possesses a negative differential
resistance. As shown in previous works [8], the presence
of such an anomalous resistance requires a dependence of
optical properties with respect to XL. With this in mind,
it can be seen from Eq. (6) that a negative shuttling is
10
102
103
104
105
10 102 103 104
J¯
(W
/
m
2
)
d (nm)
T0 = 300K
T0 = 400K
T0 = 500K
FIG. 2. Radiative heat shuttling between two thick SiO2 slabs
when TL(t) = T0 + δT sin(Ωt) and TR(t) = T0. The time av-
erage flux J¯ is shown as a function of the separation distance
d for different values of the background temperature T0. The
amplitude of the oscillations is δT = 30K and the modula-
tion frequency Ω is small with respect to the inverse of the
thermalization time.
plausible in a simple situation. Choosing xL = xR = x0
as a background intensive quantity, the zeroth-order con-
tribution to the flux J0LR and the difference of energies
ΘLR cancel out when evaluated at XL = x0. Thus, the
time average flux takes the form
J¯ ' δX
2
4
∫ ∞
0
dω
2pi (Θ
′′
LKLR + 2Θ′LK ′LR) . (8)
It is straightforward to notice that since Θ′L > 0, this
flux can be negative provided the number of modes KLR
decreases fastly enough with XL.
To exemplify the radiative heat shuttling effect in a
particular situation, we first consider the heat transfer
between two silica (SiO2) samples whose permittivity
modeling the thermal emission is taken from [25]. We
assume a periodically time-varying temperature TL(t) =
T0 + δT sin(Ωt) on the left sample and a fixed tempera-
ture TR(t) = T0 on the right sample (see Fig. 1). Hence
both the average temperature difference ∆T¯ and J0LR
vanish. The average flux J¯ is plotted in Fig. 2 as a func-
tion of the separation distance d for several values of
the background temperature T0 with a fixed modulation
amplitude δT = 30K. We remark that in the numerical
examples hereafter, J¯ is computed from the time average
of the exact expression (2). As typically happens with
the energy flux for polar materials as SiO2, the average
J¯ scales as d−2 in the near field, i.e. at small separa-
tions, where the energy transfer is mainly driven by the
contribution of surface phonon polaritons supported by
the material. Moreover, we observe that J¯ weakly in-
creases in this regime as the temperature T0 decreases,
which can be understood as a consequence of the over-
lap in the spectrum between Θ′′L and the peak in KLR
accounting for the resonant mode. On the other hand,
3in the far field J¯ approaches a constant value which as
expected increases with T0.
As a second example, we consider the transfer between
a narrow-band gap semiconductor (left body) whose elec-
trons and holes are excited by an external bias voltage
VL(t) and a passive dielectric slab (right body). The tem-
peratures of the bodies are maintained fixed by coupling
them with an external thermostat at temperature T0, so
that TL = TR = T0. For clarity reasons we assume a pe-
riodic modulation VL(t) = δV sin(Ωt) of the applied bias
voltage. From here, the chemical potential of photons
emitted by the semiconductor is µL(t) = q δV sin(Ωt)
above the gap frequency ωg = Eg/~ and µL(t) = 0 below
this frequency, where Eg is the gap energy. In our exam-
ple, the left body is made of indium antimonide (InSb)
whose permittivity is given in [26] by fitting experimen-
tal data and for the gap energy we take Eg = 0.17 eV. As
before, we assume the right body to be made of SiO2 and
therefore, the chemical potential of the radiation emitted
by this material is µR = 0. Since the two slabs are ther-
malized at the same temperature, we remark that the
energy difference ΘLR vanishes below the gap frequency
and thus, the spectrum of the energy flux is different from
zero only in the frequency range above ωg. The resulting
flux J¯ for this case is shown in Fig. 3(a) as a function
of d for several temperatures T0, where the amplitude of
the oscillation is taken as δµ = qδV = Eg/2. We observe
that J¯ increases when the background temperature T0 in-
creases. Furthermore, we highlight that in the temporal
evolution, J becomes negative when the chemical poten-
tial is negative. However, in this situation the magnitude
in modulus of J is smaller than the values reached when
J > 0, making the time average a positive quantity. This
flux is plotted in Fig. 3(b) as a function of the chemical
potential µL. We clearly see a diode-like behavior with
a strong asymmetry (rectification coefficient larger than
95%). It immediately follows from this asymmetric be-
havior that by using a temporal modulation of chemical
potential with a nonvanishing average value, it is possible
to change the sign of the shuttling flux.
In the previous examples, a net heat flux is always
transferred from an active body to a passive body with a
sinusoidal modulation of the intensive property. We now
consider the heat exchange between a material character-
ized by an insulator-metal transition (IMT), which is able
to undergo an important change in its optical properties
through a small change of its temperature around a crit-
ical temperature Tc, and a dielectric material whose op-
tical properties do not depend on the temperature. With
this example, we show that a heat flux can be extracted
from the passive body, i.e. J¯ < 0, as already pointed out
in our previous discussion. For the IMT material, we take
vanadium dioxide (VO2) which undergoes a first-order
transition (Mott transition [27]) from a low-temperature
insulating phase to a high-temperature metallic phase
close to room temperature (Tc = 340K). The optical
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FIG. 3. Radiative heat shuttling between a direct-gap semi-
conductor (InSb) and a dielectric (SiO2). The two materials
are thermalized at the same temperature T0 and the semicon-
ductor is subject to an applied oscillating voltage VL(t). (a)
Time-averaged heat flux J¯ exchanged between the bodies as a
function of the separation distance d. (b) Corresponding flux
J as a function of the chemical potential µL of the photons
emitted by the semiconductor.
properties of VO2 in the two phases are given in [28].
The temperature TL(t) of the VO2 slab is periodically
modulated around a temperature T0 close to Tc, so that
the medium undergoes a transition during this modula-
tion. The oscillations amplitude is set, as previously, at
δT = 30K. For the second body, we use once again a
SiO2 sample. During the modulation process, the tem-
perature of the SiO2 sample is held fixed at TR(t) = T0
while the two photon chemical potentials are supposed to
vanish (i.e. µL = µR = 0). The average flux J¯ plotted in
Fig. 4(a) with respect to the separation distance d shows
two radically opposite behaviors. On the one hand, we
observe that J¯ is positive when T0 is sufficiently far from
the critical temperature Tc so that the VO2 slab does
not undergo a phase transition during its temperature
modulation. On the other hand, J¯ is negative when Tc is
reached during the modulation. This behavior is corrob-
orated in Fig. 4(b) where J¯ is plotted with respect to T0
for different separations d. Here we clearly observe that
4J¯ < 0 when T0 is chosen in the range between Tc−δT and
Tc+δT . According to Eq. (8), this negative average flux,
acting as a heat-pumping mechanism, is a direct conse-
quence of the drastic reduction of the number of modes
contributing to the energy transfer during the temper-
ature modulation of the IMT material. This reduction
is related to the mismatch between the emission spectra
of the IMT material and the dielectric beyond the criti-
cal temperature, which gives rise to a radiative negative
differential thermal resistance between the two bodies.
In the presence of an oscillating temperature difference,
this resistance –and therefore the shuttling effect– tends
to insulate the two bodies from each other. Furthermore,
as shown in Fig. 4(b), it is worth noting that to maximize
this effect T0 must be equal to Tc.
So far, we have only considered sinusoidal modulations
of the intensive quantity XL(t) under scrutiny. We also
would like to remark that similar effects can be observed
with periodic modulations [i.e. XL(t) = XL(t+τ)] which
are neither odd nor even functions or with random mod-
ulations (in this case τ →∞). Indeed, in such situations
we have X¯L 6= xL, so that
J¯ = J0LR+(X¯L−xL)
∂J
∂XL
∣∣∣∣
XL=xL
+O
(
(X¯L−xL)2
)
, (9)
where
∂J
∂XL
=
∫ ∞
0
dω
2pi (Θ
′
LKLR + ΘLRK ′LR) . (10)
Since Θ′L is always a positive function, it is in principle
possible to obtain a pumping effect (i.e. J¯ − J0LR < 0)
when X¯L−xL > 0 (always assuming xL > xR), provided
the gradient ∂J/∂XL in Eq. (10) is negative. However,
we see that such a pumping also requires the presence of
a local negative differential thermal resistance.
Beside its fundamental interest, the radiative heat
shuttling effect could play an important role in the devel-
opment of Brownian heat engines driven by photon tun-
neling at the nanoscale, in which the temperature fluc-
tuations δT vary as T0/N1/2 around its average temper-
ature T0 and they can be relatively large when the num-
ber N of atoms is small. Hence, at ambient temperature
δT ∼ 10K for a particle of one hundred atoms. Further-
more, using temporal modulations of local temperatures
or chemical potentials, the shuttling of energy in systems
composed by nanoemitters coupled in the near field with
mechanical oscillators could give a supplementary flex-
ibility to control heat exchanges, a relevant feature for
nano-electromechanical systems technology. Another in-
terest of radiative heat flux control with temperature or
chemical potential modulation concerns energy manage-
ment applications, since this mechanism could be more
efficient than that with a static control from an external
thermostat or current generator. Indeed, in the scenario
of heat-flux control using, for instance, a sinusoidal mod-
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FIG. 4. (a) Time-averaged flux J¯ as a function of the sep-
aration d between a VO2 slab and a sample of SiO2. The
temperature TL(t) of the VO2 slab is periodically modulated
around T0 with an amplitude δT = 30K, whereas the tem-
perature of the other body is fixed at TR = T0. (b) Average
flux J¯ with respect to T0.
ulation of the photon chemical potential, the power dis-
sipated in the system is P = 12Umax Imax cos(ϕ), where
ϕ denotes the dephasing between current and voltage.
Therefore, by controlling the phase shift it is in principle
possible to make the dissipated power arbitrarily small,
contrarily to the case with absence of modulation.
In summary, we have demonstrated the existence of
a shuttling of radiative heat between two bodies under
nonequilibrium conditions. We have seen that this effect
can be induced either by modulating the temperature or
the chemical potential of the radiation in the case of semi-
conductors. Moreover, this phenomenon can be used to
amplify or to reduce the radiative heat transfer between
the interacting bodies. In order to observe the insulating
behavior, we have demonstrated that a negative differen-
tial thermal resistance must exist between the two bodies.
Finally, we have also shown that a temporal modulation
of the chemical potential of the radiation emitted by a
semiconductor could be used to efficiently amplify the
energy transfer between the materials over a wide tem-
perature range.
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